The endoplasmic reticulum (ER) represents the entry point into the secretory pathway where nascent proteins encounter a specialized environment for their folding and maturation. Inherent to these processes is a dedicated quality-control system that detects proteins that fail to mature properly and targets them for cytosolic degradation. An imbalance in protein folding and degradation can result in the accumulation of unfolded proteins in the ER, resulting in the activation of a signaling cascade that restores proper homeostasis in this organelle. The ER heat shock protein 70 (Hsp70) family member BiP is an ATP-dependent chaperone that plays a critical role in these processes. BiP interacts with specific ER-localized DnaJ family members (ERdjs), which stimulate BiP's ATP-dependent substrate interactions, with several ERdjs also binding directly to unfolded protein clients. Recent structural and biochemical studies have provided detailed insights into the allosteric regulation of client binding by BiP and have enhanced our understanding of how specific ERdjs enable BiP to perform its many functions in the ER. In this review, we discuss how BiP's functional cycle and interactions with ERdjs enable it to regulate protein homeostasis in the ER and ensure protein quality control. Figure 1. A, BiP ATPase cycle. Step 1, in the ATP-bound form, the nucleotide-binding domain (NBD) (blue) and the substrate-binding domain (SBD) (orange), with its lid open, are docked to each other resulting to a form with high-substrate binding and release kinetics and low-substrate affinity.
Overview
One-third of the mammalian genome encodes proteins that will be synthesized by membrane-bound ribosomes and translocated into the endoplasmic reticulum (ER) 3 where they will undergo post-translational modifications, oxidative folding, and maturation to their functional tertiary or quaternary state. These error-susceptible steps in protein biosynthesis are both aided and monitored by resident ER chaperones and their cofactors in a process termed ER quality control (1, 2) . Two major chaperone families exist in the ER that interact with a wide variety of clients: the lectin chaperones, which generally recognize incompletely folded glycosylated proteins, and the Hsp70 family member, BiP, which can interact with both nonglycosylated and glycosylated proteins and is the focus of this review. In addition to playing a major role in chaperoning newly synthesized proteins, BiP is also responsible for maintaining the permeability barrier of the ER during protein translocation, targeting misfolded proteins for retrograde translocation so they can be degraded by the proteasome, contributing to ER calcium stores, and sensing conditions of stress in this organelle to activate the mammalian unfolded protein response (UPR). The binding of adenosine nucleotides by BiP plays a vital role in all of these activities except calcium binding, and its interaction with specific ER-localized DnaJ (ERdj) family members allows it to contribute to diverse cellular functions. Recent advances have been made in understanding how nucleotide-induced structural changes in BiP are transduced through the molecule to regulate client binding. Similarly, studies on a number of the ERdjs provide new insights into how BiP functions in the cell. In this review, we focus on how these new data shape our thinking of BiP's functional cycle allowing it to regulate ER homeostasis and protein quality control.
Nucleotide-bound state of BiP regulates its interaction with clients
Like all Hsp70 proteins (3, 4) , BiP's interaction with clients is regulated by its nucleotide-bound state. It possesses a highly conserved N-terminal nucleotide-binding domain (NBD), a substrate-binding domain (SBD) composed of eight ␤-strands with a helical lid, and a linker between them that controls the allosteric interaction between these two domains. Experiments conducted over several decades by multiple groups have provided an understanding of key aspects of the Hsp70 ATPase cycle that are shared by family members present in organisms ranging from bacteria to humans (Fig. 1A, steps 1-3) . In the ATP-bound form, the SBD, with its lid open, is docked on the NBD resulting in a high on/off rate for its interaction with clients. ATP hydrolysis results in a conformational change between the two domains that results in their undocking and the closing of the lid over the SBD providing a high-affinity state for the bound client with both slow binding and release rates. This cycle is further regulated by DnaJ proteins, which in some cases interact directly with unfolded proteins and transfer them to the ATP-bound form of an Hsp70, while simultaneously triggering ATP hydrolysis and closing the lid on the client (5, 6) . Nucleotide-exchange factors release ADP allowing ATP to rebind, thus allowing the client to be released and folded or targeted for degradation (7) .
Recent structural data and single molecule studies have provided new insights into the nucleotide-dependent, allosteric regulation of client binding and release by BiP; some that may be transferable to other Hsp70 (Fig. 1A , steps 4 -5) , as well as some that are clearly unique to the ER family member ( Fig. 1A,  step 6 ). Full-length structures of BiP with ATP bound were solved by crystallography (8) and NMR (9) utilizing T229A or T229G mutants, respectively, that were previously shown to have significantly reduced rates of ATP hydrolysis (10) . Clear similarities were found with structures of Escherichia coli Hsp70, DnaK-ATP using a corresponding T199A mutant that was defective in ATP hydrolysis (11, 12) , despite mammalian BiP having Ͻ50% homology to DnaK and possessing several different biochemical properties (13, 14) . Because the ATPbound forms of Hsp70 proteins are characterized by a "docked" SBD, these new structures also revealed a distinct NBD-SBD interface compared with DnaK. The interface in crystallized BiP was characterized by more hydrophobic interactions involving residues that are highly conserved in other eukaryotic Hsp70s irrespective of their resident organelle, but are missing in DnaK and mitochondrial Hsp70s (8) . The "tighter docking" of the SBD to the NBD in this structure is consistent with a substantially slower interconversion between "docked" and "undocked" conformers of BiP in the NMR studies (9) compared with DnaK (15) . The functional significance of this "tighter docking" of the SBD to NBD in eukaryotic Hsp70s will require more studies.
One additional BiP-ATP structure was obtained, this time with a WT NBD and only a small deletion in the loop between ␤-strands 3 and 4 (L 3, 4 ) of the SBD, using a crystallization buffer containing high concentrations of phosphate to inhibit ATP hydrolysis (16) . Importantly, this represents the first ATP-Hsp70 structure with a WT NBD. This BiP-ATP structure (BiP-ATP2) also has a docked SBD with an open lid, but in this case the L 1, 2 loop has shifted 67.3°toward the ␤4 strand, occupying the peptide-binding pocket and making it more tightly compacted than either the previously described ATP-or ADP-bound forms (Fig. 1B) . The authors suggest that in addition to opening the lid on the SBD, ATP binding can then serve to "squeeze" the bound client from the pocket of the SBD. These structures now suggest a much more active mechanism for client release than the two-state model that has long served as a paradigm for all Hsp70s. The identification of a second BiP-ATP structure is supported by the NMR data on the BiP hydrolysis mutant, which revealed two conformations (9), arguing for more flexibility in the ATP-bound state of BiP than observed for DnaK (9) . Based on the high degree of homology and evidence for functional conservation in client binding and release, it is reasonable to posit that this three-state model could extend to some of the other eukaryotic Hsps.
A critical question in this scenario is whether or not this novel BiP-ATP2 form represents a functional intermediate in the cycle. To this end, Liu and co-workers (16) demonstrated that the binding of the J domain-containing protein ERdj3 was able to reopen the tightly compacted SBD of the BiP-ATP2 form for interaction with another client. The ability of ERdj3 to modulate the conformation of the SBD was also observed with a single-molecule study that examined the interaction of BiP with a protein client instead of a peptide. They found that binding of ERdj3 triggered a more expanded configuration of lid over the SBD, allowing it to accommodate the C H 1 domain of an antibody heavy chain (14) . ERdj3 remained stably associated with the ADP-BiP/client complex and prevented nucleotideexchange factors from releasing BiP from the C H 1 domain. This is reminiscent of the inability to detect BiP cycling from Ig heavy chains in vivo when ERdj3 is also bound to the heavy chain (17) . Together, these studies revealed much more conformational variability in the SBD than previously detected.
Unlike other Hsp70 proteins, BiP is subject to a reversible, post-translational modification, which is rapidly removed when unfolded proteins accumulate and the demand for BiP increases (18 -20) . Through a combination of in vitro, cell culture-based, in vivo, and genetic studies conducted over the past decade, significant progress has been made in understanding this modification and the enzyme responsible. Whereas BiP was originally thought to be ADP-ribosylated under conditions of low demand, more recent studies in mammals (21-23) and flies (24) have demonstrated the modification to be AMPylation and the responsible enzyme to be FICD (filamentation induced by cAMP domain), which is also known as HYPE (Huntington yeast-interacting protein E). FICD attaches a single molecule of AMP to threonine 518 in loop L 7, 8 in the SBD of BiP (22) . This modification enhances peptide release from recombinant BiP and also prevents the stimulation of ATP hydrolysis by a J domain-containing protein. Structural data revealed that even when in the apo-form, which normally assumes an ADP-bound conformation, AMPylated BiP adopts a "domain-docked" structure that is more characteristic of the ATP-bound state and inhibits J domain-assisted transfer of a peptide client to BiP (9, 25) . Together, these data provide insights into why modified BiP is not detected with clients (20) and further argue that modified BiP represents an inactive pool of BiP that can be readily reactivated by removing this modification when demand for BiP arises. A separate study by this group argues that FICD may also be capable of de-AMPylating BiP when unfolded proteins accumulate (23) . However, the mechanism by which unfolded proteins convert FICD to a de-AMPylating enzyme remains unknown.
Diverse functions of BiP in the ER are assisted by DnaJ-like cofactors
In the cell, BiP performs its functions with the assistance of ER-localized DnaJ cofactors (ERdjs). To date, seven DnaJ family members have been reported with the J domain oriented to the ER lumen where they can interact with BiP. Four of these (ERdj3-6) appear to interact directly with a variety of clients JBC REVIEWS: Regulating BiP's ER functions (Table 1 and Fig. 2 ). Our focus will be on these, but we will briefly discuss recent studies that shed light on the functions of the other three as well. DnaJ family members are divided into three subtypes based on their domain structure (26, 27) . Type I (DNAJA) DnaJ proteins have all of the domains present in E. coli DnaJ, the founding member of this superfamily, including an N-terminal J domain, followed by a Gly/Phe-rich region that is thought to provide a flexible linker to the substratebinding domain, which often includes a cysteine-rich zincbinding domain, and which terminates with a dimerization domain. Type II (DNAJB) proteins possess all the same domains and in the same order as type I proteins, except that the cysteine-rich domain is missing. Both type I and II DnaJ family members can bind directly to clients. Type III (DNAJC) proteins form the largest group of DnaJs. This subtype only contains the J domain, which can occur anywhere in the protein. Some of the type III DnaJ proteins bind clients directly, whereas others do not appear to do so. The ER has DnaJ family members (ERdjs) representing all three subclasses, which were numbered according to their discovery. The past decade has provided a wealth of information on their structures, regulation, and client binding. Although ER functions are becoming available, we still lack clear insights into how the ERdjs compete for interaction with BiP to regulate its various functions.
ERdj1/DNAJC1 and ERdj2/DNAJC23
These two integral membrane DnaJ family members link translating polysomes to the Sec61 translocon and to the lumenal Hsp70 machinery via their J domains. ERdj1, a type III family member ( Fig. 2A) , was shown to bind to the tunnel exit site on the 80S ribosome through a positively charged cytosolic domain and serves to regulate translation in a BiP-dependent manner to ensure BiP is available to engage nascent polypeptide chains as they enter the ER (28, 29) . Recent data demonstrate that the interaction of BiP with the J domain of ERdj1 in turn serves to increase the affinity of the cytosolic portion of ERdj1 for ribosomes (30) . A cryo-EM structure of ribosomes bound to the ribosome-associated chaperone complex (RAC) has been solved (31) , which reveals that RAC binds to the ribosome exit tunnel very close to where ERdj1 has been found to bind (29) . This may indicate a competitive mechanism for the binding of cytosolic versus ER chaperones that could aid in discriminatory targeting the nascent polypeptide chain. In addition, a portion of the cytosolic region of ERdj1 contains two SANT-homology regions (28) , although their functional significance has yet to be determined.
ERdj2 is also a subtype III protein that was originally identified in yeast as Sec63, a multipass transmembrane protein that is a component of the Sec61 translocon (32) . A charged region at its C terminus allows it to interact with Sec62 (33), another translocon protein. Recent data argue that ERdj2, together with BiP and Sec62, serves to facilitate Sec61 channel opening, allowing precursors with weak signal sequences to be translocated (34) and to assist in the initial stages of cotranslational import of proteins into to the ER lumen (35) .
ERdj3/DNAJB11
ERdj3 is a subtype I protein and the sole ER homologue of E. coli DnaJ. It was originally detected through its interaction with Shiga toxin, which enters the cell by moving backward through the secretory pathway (36) , and with unassembled immunoglobulin heavy chains (37) . It is widely expressed with the greatest levels in tissues with a high-secretory load, a pattern that mirrors that of BiP. The conservation with other type I family members like Saccharomyces cerevisiae Ydj1 (38, 39) is so strong that ERdj3 can readily be modeled (40) , with the exception of domain II, which is smaller and stabilized by disulfide bonds instead of zinc ions (41) . Although the type I DnaJ proteins that have been studied are thought to act as dimers, both endogenous and transfected ERdj3s (40.5 kDa) migrate as much larger species on nondenaturing gels and have particularly slow mobility in living cells (42) . This is consistent with a recent negative stain EM analysis performed on purified recombinant ERdj3 that revealed it forms tetramers (43) . In addition to the previously identified dimerization domain in domain III, a second intermolecular interaction site was observed in domain II (Fig. 2B ). Mutational disruption of the second interaction site in domain II yielded dimers that were less able to bind clients in vivo. Because other type I DnaJ proteins are characterized by the presence of a cysteine-rich domain II, this begs the question of whether tetramer formation is unique to ERdj3 or whether this is a characteristic of other type I proteins.
There has been progress on understanding the mechanism of ERdj3 binding and release from clients. ERdj3 directly interacts with the substrate via highly conserved hydrophobic residues in the substrate-binding domain I in a process that is greatly enhanced by domain III dimerization (40) . The binding to clients that fold rapidly in cells appears to be transient and terminated by transfer of the substrate to BiP, which depends on the interaction of the conserved QPD motif located in its J domain with BiP (44, 45). However, as noted under "Nucleotide-bound JBC REVIEWS: Regulating BiP's ER functions state of BiP regulates its interaction with clients," this might be context/client-specific, as both in vitro assays (14) and studies in cultured cell assays (46) reveal that BiP and ERdj3 bind simultaneously and stably to the C H 1 domain of the Ig heavy chain, which remains unstructured prior to assembly with Ig light chains (47) . The release of a single arm of the dimer is sufficient to free ERdj3 from a client in cells (46) . It is not currently clear how tetrameric forms will fit into this cycle. Currently, there are conflicting reports as to whether ERdj3 serves a pro-folding or pro-degradation role in the ER. ERdj3's interaction with the Sec61 translocon (42, 48) , through which nascent proteins enter the ER, could be compatible with a role in either stabilizing nascent proteins in a folding-competent conformation or recognizing proteins entering the ER that fail at the early stages in folding and must be degraded. Similarly, the relatively modest up-regulation of ERdj3 in response to ER stress is compatible with both functions (44) . A few studies have been conducted on ERdj3's interaction with individual clients that provide some additional insights, but are also conflicting. For instance, ERdj3 binds stably to unassembled IgG ␥ 1 heavy chains that have a half-life of over 12 h in plasmacytomas (37) , which does not support a role in targeting this client for degradation. ERdj3-depleted cells have been used to determine the effects on disease-associated variants of ␣ 1 -antitrypsin (␣ 1 -AT) (49) and glucocerebrosidase (50) . The Z variant of ␣ 1 -AT turned over faster, while the half-life of glucocerebrosidase was extended. Both mutant variants are glycoproteins and were redirected to lectin chaperones in ERdj3-depleted cells: calreticulin in the case of ␣ 1 -AT and calnexin for glucocerebrosidase. Thus, neither study directly defines ERdj3's role but instead indicates that utilizing a lectin chaperone instead of the ER Hsp70 system can have diverse client-specific effects.
Intriguingly, unlike most soluble ER resident proteins, ERdj3 lacks a canonical ER retention motif, and a portion of it can be secreted when overexpressed or in association with unfolded proteins during ER stress (51) . This secreted ERdj3 appears to maintain chaperone activity, as cell supernatants from overexpressing cells can inhibit the formation of extracellular aggregates and attenuate vacuole formation in cells expressing toxic prion proteins. Thus, it is conceivable that ERdj3's function both inside and outside the cell is to bind unfolded proteins and maintain them in a soluble state. Such a function is also consistent with a role in both folding nascent proteins and retrotranslocation of misfolded clients for degradation (52) .
ERdj4/DNAJB9
ERdj4 is only subtype II DnaJ protein to be identified thus far in the ER of mammalian cells (53) . It contains an N-terminal J domain that binds to BiP, followed by a glycine/phenylalaninerich region, and a poorly defined client binding domain that has no structural homology to any other protein in databases. Despite an enigmatic structure, there has been progress in understanding ERdj4's function at the molecular, cellular, and organismal levels. Unlike ERdj3, its expression is particularly low in normal tissues (54) and cultured cells in the absence of ER stress (55) . However, it is significantly induced at the transcriptional level by a variety of developmental schema, including early hematopoietic stem cell differentiation (56), angiogenesis (57), macrophage activation, TNF␣-induced proinflammatory responses (58) , and plasma cell differentiation (59). Many of these physiological processes are known to activate at least some elements of the ER stress response, which is consistent with the observation that ERdj4 is potently up-regulated by agents that disrupt ER homeostasis (53) . In keeping with a role for ERdj4 in normal physiological processes, disruption of the ERdj4 locus by gene trap mutagenesis resulted in hypomorphic mice with poor perinatal viability (60) . Surviving mice showed multiple metabolic defects and evidence of an elevated stress response in many tissues. Further studies revealed abnormal hematopoietic development in these mice (61) , and enforced overexpression of ERdj4 in WT murine cord blood cells led to increased populations of functional hematopoietic stem cells (56) . Analysis of the fitness of the surviving B cell precursors in the ERdj4 gene-trap mice revealed an inability of these mice to mount a T-dependent antibody response (61) . However, it is noteworthy that T-independent responses were normal, arguing that ERdj4 does not play a critical role in antibody assembly or secretion, although both Ig heavy and light chains are natural clients (62) .
Typical of type II DnaJ family members, it was anticipated that ERdj4 would bind directly to unfolded clients. The first evidence of this activity came through analysis of two diseaseassociated mutants of surfactant protein C (SP-C), which fail to fold in the ER and are retrotranslocated for rapid degradation by the proteasome (63) . ERdj4 was shown to bind at significantly higher levels to the two mutant proteins than to WT SP-C, and siRNA-mediated decrease in ERdj4 expression led to a prolonged half-life for the mutant proteins, providing the first indication that ERdj4 might serve to support BiP's role in ERassociated degradation (ERAD). The effects of reduced or overexpressed ERdj4 on cellular pro-insulin (60) and epithelial sodium channel levels (64) are also consistent with it functioning in ERAD, as is its association with retrotranslocon components (55) . Whether it serves as a functional part of the retrotranslocon or is actively being extracted with clients is not clear at this point. It is intriguing to speculate that the developmental defects observed upon ERdj4 loss are revealing the importance of a well-functioning ERAD system to these processes. Similar to ERdj3, ERdj4 also lacks an ER retention signal; however, these are no reports of ERdj4 being secreted or possessing extracellular activity.
A recent study indicates that UPR-transducer Ire1 may be an unexpected client of ERdj4 (65) . BiP is known to bind Ire1 and to suppress its dimerization and activation during normal ER homeostasis (66) , which begged the question of whether an ER-localized DnaJ protein recruited BiP to Ire1. Genetic disruption of both ERdj2 and ERdj4 in CHO cells led to constitutive Ire1 activation, although ERdj4 was more selective in its activation of Ire1 but not PERK (65) . Conversely, an independent study found targeted disruption of ERdj2 in kidney tissue led to activation of Ire1 but not PERK (67) . This raises the possibility of tissue-specific distinctions in the role of ERdj2 in regulating UPR transducers, but it is important to note that neither study directly examined ERdj2 binding to Ire1, which is complicated by the fact that unlike ERdj4, ERdj2 is an integral membrane protein. Exogenous expression of ERdj4 in the ⌬ERdj4 CHO cell line promoted BiP binding to an Ire1 construct, which depended on ERdj4 possessing a J domain capable of interact-ing with BiP (65). ERdj6 overexpression was unable to restore BiP binding to the Ire1 construct, demonstrating some specificity to ERdj requirements in regulating Ire1.
ERdj5/DNAJC10
ERdj5 is a subtype III DnaJ family member (68, 69) and has the unique property of also belonging to the PDI family of enzymes that serve to form, isomerize, or reduce disulfide bonds (70, 71) . ERdj5 is ubiquitously expressed under normal physiological conditions and is only modestly induced by ER stress. In addition to possessing an N-terminal J domain, ERdj5 has six thioredoxin (Trx) domains, two of which are enzymatically inactive (Trx-like), and an ER retention sequence. Structural data show that the Trx domains are arranged in two clusters (72, 73) . Each cluster possesses two Trx domains, but the N-terminal cluster also has the two catalytically inactive domains. Importantly, mutational inactivation of Trx domains in PDI, the founding member of this family, does not disrupt client binding or prevent their aggregation (74) . Consistent with this property, ERdj5 can also bind to peptides lacking cysteines in vivo (62) . The active sites of the four Trx domains were oriented in the same plane as the J domain in the first structure (72) , likely situating them for interaction with clients bound to BiP. This structure also revealed a binding site for EDEM, a component of the ERAD machinery for glycosylated proteins, allowing ERdj5 to provide a physical lumenal link between ER quality control of BiP clients that are often unglycosylated and lectin clients. A second ERdj5 crystallization attempt produced a different three-dimensional arrangement of the Nand C-terminal clusters (73) . This suggested more flexibility in the structure than had been anticipated, and single molecule studies revealed rapid movement between the two clusters. Mutants in which this flexibility was disrupted were less able to reduce disulfides in ERAD clients in vivo and aid in their degradation, arguing that the highly dynamic nature of ERdj5 is critical to its function and supports the involvement of multiple Trx domains in this activity.
Although all PDI family members can participate in disulfide relays, their redox equilibrium in the ER determines whether they are more likely to contribute to disulfide formation or reduction. The apparent equilibrium constant of recombinant ERdj5 was ϳ100 times that of the ER redox state, making it the most reduced of the PDI family members and arguing that it acts as a reductase (75) . In keeping with this, overexpression of ERdj5 in cells decreased the formation of mutant NHK ␣ 1 -antitrypsin disulfide-linked dimers and inhibited the formation of mixed disulfide-bonded aggregates of the Ig J chain, confirming reductase activity in vivo. Subsequently, ERdj5 has been shown to enhance the degradation of SP-C (63) and rhodopsin mutants that are characterized by incorrect disulfide bond formation (76) , substantiating a role for ERdj5 in reducing disulfide bonds in ERAD substrates that otherwise would hinder their passage through the retrotranslocon. In addition to participating in ERAD, ERdj5 is critical for the maturation of the low-density lipoprotein receptor, which requires the reduction of non-native disulfide bonds that are part of its normal folding trajectory (77).
JBC REVIEWS: Regulating BiP's ER functions
There is mounting evidence that pathogens and toxins can hijack the ER quality control machinery to gain entrance to the cytosol where they exert their destructive capabilities (78) . For instance, SV40 and BK PyV use the retrograde trafficking pathway to move from the cell surface to the ER and are then retrotranslocated to the cytosol using ERAD machinery where they establish an infection (79) . ERdj5 was shown to cooperate with PDI to reduce pentameric VP1 into monomers that can be more readily delivered to the cytosol for the production of infectious particles (80) . Similarly, ERdj5 assists in the retrotranslocation of the catalytic A chain of the cholera toxin to cytosol (81) . The A chain is assembled from two subunits that are covalently linked via a disulfide bond that must be broken in the ER prior to retrotranslocation (82) .
A critical element of ER function is the maintenance of calcium stores, which are essential to signaling cascades throughout the cell, as well as for the successful folding of proteins in this organelle. ER calcium levels are regulated by channels like the 1,4,5-trisphosphate and ryanodine receptors, which release calcium to the cytosol, and the sarco/endoplasmic reticulum Ca 2ϩ -ATPases (SERCA) that pump calcium back into the ER (83) . The activity of SERCA2b, a ubiquitously expressed isoform, is negatively regulated by disulfide bond formation. At low calcium levels, ERdj5 reduces the regulatory bond thus activating SERCA2b. Conversely, high ER calcium levels induced ERdj5 oligomerization, which inhibited its reductase activity and thus its ability to regulate SERCA2b (84) . These data provide an interesting link between ER redox, calcium levels, and protein homeostasis in this organelle. Given the importance of ER homeostasis to cellular and organismal functions, it is surprising that an ERdj5 knockout mouse was viable and showed no obvious defects other than a modest stress response in salivary glands (85) . It is conceivable that either ERdj5 does not regulate other SERCA isoforms or that another PDI family member, like ERp57, which has also been shown to interact with SERCA2b (86), compensates.
ERdj6/DNAJC3
Like ERdj5, ERdj6 is a type III DnaJ protein that possesses additional functional domains not usually found in DnaJ family members. In this case, nine tandemly arranged tetratricopeptide repeat (TPR) motifs make up a significant portion of this protein (87) . ERdj6 was originally identified as an inhibitor of the cytosolically localized, dsRNA-activated kinase (PKR) and was named p58 IPK (88) . Consequently, it was reported to also inhibit ER-localized PERK (89) and the cytosolic amino acidregulated GCN2 (90) kinases, all of which target eIF2␣ to negatively regulate translation. As such, p58 IPK was thought to be a cytosolically disposed, peripheral ER protein. The identification of an N-terminal ER-targeting signal sequence and protein orientation studies revealed that under normal physiological conditions p58 IPK /ERdj6 is a lumenal ER resident protein that binds to BiP (91) and interacts with secretory pathway clients (92) . However, ER stress reduces the efficiency of ERdj6 translocation into the ER leading to a portion of the protein accumulating in the cytosol (91) . The cytosolic pool functions to modulate translation in response to cellular stresses, whereas in the ER, ERdj6 functions as a ubiquitously expressed co-chaperone of BiP.
ERdj6 is a monomer with a very elongated shape that positions the HPD motif of the J domain at the C terminus of the structure (93, 94) . The TPR domain consists of three subdomains organized head-to-tail, and each subdomain contains three 34-amino acid TPR motifs. The sequence identity between the different TPR motifs is low despite a similar structural fold. TPR subdomain I has a binding site for unfolded recombinant rhodanese and luciferase, which is thought to localize to a conserved hydrophobic patch in this subdomain (93) . Subdomains II and III are more hydrophilic, and the TPR6 motif in subdomain II is required for the inhibition of PKR suggesting this subdomain contains the binding site for PKR (95) . Within the ER, ERdj6 can selectively bind misfolded, but not folded, vesicular stomatitis virus G protein and is released as the client folds, which depends on a functional interaction between ERdj6 and BiP (92) . Only a few studies have been conducted to directly determine whether lumenal ERdj6 functions as a pro-folding or pro-degradation co-chaperone for BiP. For instance, the turnover of ectopically expressed TCR␣ chains in ERdj6 null cells was not affected, but a higher expression of this ERAD client during the pulse period led these investigators to suggest this reflected a role in co-translocational degradation due to the cytosolic form of ERdj6 recruiting Hsc70 (96) . To address this possibility, another group engineered an ER-specific form of ERdj6 using the signal sequence of preprolactin, which is well-targeted even under stress conditions and a cytosolically expressed form that lacked the signal sequence (91) . These investigators found that ectopic expression of the ER form, but not the cytosolic form, enhanced the levels of a secretory pathway client by assisting in translocation. Their studies further indicated that overexpression of the ER form of ERdj6 enhanced the proper maturation of one client, arguing for a possible role as a pro-folding co-chaperone. Clearly more isoform-specific analyses directed at understanding ERdj6's function in the ER as well as the cytosol are needed.
ERdj7/DNAJC25
ERdj7 was discovered in a proteomic study conducted on canine pancreatic rough microsomes where it was demonstrated to be an integral membrane protein with a lumenallyoriented J domain (97) . Mass spectrometric analyses indicated that ERdj7 is the most abundant ERdj family member in these rough microsomes, although it does not appear to be induced by ER stress. Although rice and Arabidopsis only have homologues of four of the mammalian ERdjs, both organisms express ERdj7 (98) . Despite its abundance and conservation across kingdoms, the role of ERdj7 in ER functions remains a mystery.
Toward understanding the BiP/ERdj network
The ERdjs have largely been studied in isolation, and it has not been determined whether the various ERdjs usually act temporally or how they might compete for clients or for interaction with BiP. ERdj1 and ERdj2 are components of the translocon, and current data support a role for these proteins in nascent protein entry into the ER. As such, they should represent the most upstream cofactors of BiP, although there is no evidence that either of these ERdjs bind directly to clients. Conversely, ERdj3-6 bind to clients once they are in the ER. Although studies designed to understand the functions of these ERdjs in folding versus ERAD are limited, overall, they seem to implicate ERdj4 and ERdj5 in recognition or targeting of clients for degradation. Based on ERdj5 having reductase activity and ERdj4 binding to retrotranslocon components, it is appealing to hypothesize that ERdj5 acts upstream of ERdj4 to reduce clients, so they can move more readily into the channel, and then transfer them to ERdj4. However, this type of temporal experiment is currently lacking. It is noteworthy that SP-C mutants bind to both of these co-chaperones, and their overexpression in combination accelerates degradation of the mutants (63) .
An in vivo peptide expression study was undertaken to identify binding preferences for ERdj3, ERdj4, and ERdj5 on a truncated Ig ␥ heavy chain and a nonsecreted light chain that are natural clients of all three ERdjs (62) . ERdj3 binds to frequent sites spread throughout both clients that overlapped with those that associated with BiP. This is reminiscent of in vitro peptidebinding assays conducted on DnaK, the E. coli Hsp70, and DnaJ, which reveal a similar binding preference for these two proteins (99) . Based on much earlier studies to identify BiP sequence binding preferences (100), ERdj3 likely interacts with short sequences that are more hydrophobic in nature. Conversely, ERdj4 and ERdj5 recognized the same sites on each client, and these sites were longer than those BiP bound, occurred less frequently, and were even absent in the domain of quality control focus for the heavy chain. Unlike the BiP-binding sites, they were readily disrupted or introduced by mutation and could be identified with the TANGO algorithm, which predicts regions with a high potential for ␤ aggregate formation (101) . Although these sites represent a distinct sequence preference type for DnaJ co-chaperones, this study did not provide insights into how these ERdj proteins compete for interaction with clients or how these ERdjs specifically recognize aggregation-prone regions, as their client-binding sites have not been determined, and they have no sequence or structural homology to each other.
Summary
Recent progress has provided a new paradigm for the allosteric regulation of BiP's ATPase cycle: some aspects that are unique to BiP and some that are likely to be applicable to other Hsp70 proteins. We have also witnessed the identification of multiple new ER-localized DnaJ family members and a large number of studies that provide insights into the functions and structures of some of these proteins. It is clear that more studies are needed to understand whether the ERdjs that bind clients play dedicated roles in folding versus ERAD or whether this outcome is client-specific. It is also unclear whether the clientbinding ERdjs have distinct client specificities or if they are largely indiscriminate in their client preferences. The finding that some clients can associate with multiple ERdjs begs the questions of how common this is, whether there is an order to these interactions, and how transfer from one type of ERdj protein to another is achieved. This is all the more puzzling, because the basal levels of the different ERdj proteins vary widely during normal ER homeostasis and after UPR activation.
The combined use of structural, single molecule, cell biology, and model system methodologies is likely to provide answers to many of these questions in the coming decade.
